Abstract-Results of experiments made at 62.4 GHz in an urban mobile radio environment to characterize the coherence bandwidth are presented. The correlation coefficients between signal envelopes separated in frequency are measured and expressed as functions of distance from the base station. Due to the high variation of this coefficient with distance and in order to provide accurate estimates of the coherence bandwidth in the microcell, the correlation coefficient has to be measured over large sections. Two methods to calculate the coherence bandwidth are presented and compared. It is shown that estimating this parameter from the frequency correlation function obtained at each position may yield incorrect results. The coherence bandwidths for correlation levels of 0.5, 0.7, and 0.9 are given. A ray-tracing tool has been used to assist in interpreting experimental results.
I. INTRODUCTION
F UTURE mobile radio systems will offer a wide variety of new applications and services [1] . These new services will require transmission of high data rates, and, hence, large frequency bandwidths will be needed. Due to the present congestion of the radio spectrum below 1.8 GHz, the use of the millimeter-wave band has been proposed for these systems. In particular, mobile broad-band systems (MBS's) have been assigned frequency bands around 40 and 60 GHz and will allow wireless access up to 155 Mb/s [2] . Such services are expected to be delivered by systems operating in urban microcells employing low-powered base stations with antennas which are elevated by a few meters above the ground [3] - [6] .
In a microcell channel, the propagation phenomenon is quite complex. Propagation between transmitter and receiver can take place through a number of different paths, causing time dispersion and frequency selective fading that degrade the radio signal. These multipath effects can be mitigated by equalization and diversity techniques [7] . One measure of the varying frequency response of the channel is the coherence bandwidth. This is a relevant parameter because it limits the data rate that can be Manuscript received January 19, 1998; revised April 14, 1999 transmitted through the channel and it is also important for the performance evaluation of frequency diversity systems. It has been shown [3] that at millimeter-wave frequencies, the mean signal power over short distances decays at a rate larger than that of free space. At millimeter-wave frequencies, diffraction is not a relevant propagation mechanism and ray tracing may be used to reasonably predict the mobile radio channel behavior [8] . This paper reports experiments made to simultaneously measure the envelopes of two signals separated in frequency in order to characterize the frequency correlation function. A ray-tracing algorithm has also been used to predict these envelopes. The coherence bandwidth and the correlation coefficient between the signal envelopes are found to be highly variable with the mobile position. Values of the coherence bandwidth at three different correlation levels are given for 90% of the time.
II. MEASUREMENT SETUP AND GEOMETRY
A block diagram of the measurement system is shown in Fig. 1 . At the transmitter, a 20-dBm 62.4-GHz carrier is synthesized from a 100-MHz crystal using a phase-locked oscillator. The carrier is modulated using a sinusoidal wave to get an output signal which consists of two frequency components. Due to the response of the modulator, the power of both components at its output decreases as the frequency separation increases and consequently limits the maximum frequency separation to 150 MHz. The modulated signal is fed to a 10-dBi vertically polarized horn with 69 and 55 E-and H-plane 3-dB beamwidths, respectively.
A dual-reflector antenna is used at the receiver. The reflectors, which are of the same diameter, are placed at both ends of a dielectric cylinder that provides support to the structure. The top plate has a parabolic surface while the bottom one has the shape of a cone. The antenna, which is vertically polarized, is fed through a circular aperture at the center of the bottom reflector and has 6 dBi of gain and full azimuthal coverage with a 6.5 E-plane 3-dB beamwidth [9] . The receiver, with a noise floor of 74 dBm, downconverts the signal to an intermediate frequency of 600 MHz which is amplified before being splitted into two branches to separately detect and record the envelopes. The branch signals were sampled simultaneously at a rate of 20 000 samples/s. in a box and mounted on a mast at a height of 3.1 m. It was stationary on the pavement at one end of the street with its antenna pointing horizontally along it. The receiver was 2.8 m high and was mounted on the roof of a transit van. The van was driven at an almost constant speed of 10 mph (4.4 m/s) along a 150-m path, as depicted in Fig. 2 . For this geometry, sidewall reflections are present for almost all receiver locations while ground reflections start contributing significantly to the received signal strength at distances greater than 104 m.
III. RAY-TRACING TOOL
Since some time ago, ray-tracing algorithms have been successfully used to predict different microcellular channel characteristics, such as the mean power and the rms delay spread of the received signal [10] , [11] . However, the signal envelope at a specific location cannot be precisely predicted because its computation depends on the estimated phase of the rays. An error in the geometrical description of the environment as small as half a wavelength (2.4 mm) can produce a significant error in the estimation of the phase and, consequently, on the computation of the instantaneous signal envelope [12] . Therefore, the predicted envelope cannot be expected to be exactly the same as the measured one, although it is expected that both envelopes will exhibit a similar behavior so the frequency correlation function and the coherence bandwidth may be estimated. The program is based on a deterministic three-dimensional (3-D) high-frequency model for outdoor radio environments [13] and uses the image technique. Buildings located at both sides of the street are assumed to have uniform reflecting surfaces with diffracting edges, whose geometry is specified. Windows, doors, and other features of the building fronts have not been modeled. The ground is also assumed to be a flat uniform reflecting surface. The effects of other objects, such as lampposts, cars, and pedestrians, have not been considered. The microcell geometry that can be defined is not limited to straight streets, but intersections and turns at any angles could be considered.
The tool was originally developed to predict UHF microcell propagation where diffraction is a significant contributor to the received signal strength. The user as an input to the model specifies the order of diffraction a ray can experience. At 62 GHz, however, the diffraction phenomenon can be neglected in mobile scenarios [8] . The tool does not account for transmission through buildings because of the large penetration losses at this frequency [14] .
Polarization mismatches as well as the E-and H-plane radiation patterns of the base station and receive antennas are con- sidered. In the modeling presented here, however, the E-and H-plane radiation patterns of the transmit antenna are approximated so all the rays within the 3-dB beamwidth of the main lobe are assumed to have a constant gain. Rays outside the main beam are not considered in the calculations. This assumption is justified since the most significant sidelobes in the E and H planes are 13 and 17 dB below the main beam, respectively.
Consideration of reflections up to any order can be specified by the user. By varying this number, the effect of the order of reflection on the simulation results can be observed. The reflected electric fields from dielectric planar surfaces are calculated using the Fresnel reflection coefficients, which are functions of polarization, frequency, incident angle, and the electrical properties of the material.
Predictions presented here assume building surfaces to be made of stone with , and siemens per meter [15] . The dielectric properties for the ground are and siemens per meter [16] .
IV. EXPERIMENTAL AND THEORETICAL RESULTS
Eight sets of measurements were made recording simultaneously two signal envelopes separated by 10, 20, 30, 40, 50, 75, 100, and 150 MHz. The statistics of the signal envelopes are expressed as functions of the mobile receiver position by processing the data over a -long window which is being moved by . This ensures that the signal is stationary and the number of points (880) is large enough to provide a good estimate of the statistics [8] .
The signal envelopes in Fig. 3 measured with 10-MHz separation exhibit [8] large amplitude variations caused primarily by interference between the direct ray and reflections from building surfaces and the ground when the receive antenna radiation pattern does not exclude them. The power spectra measured over a 20-m section are shown in Fig. 4 . They exhibit strong lowfrequency components caused mainly by interactions between the direct component and sidewall reflections. The frequency spread reduces as the receiver moves away from the transmitter due to the reduction in the rate of change of the differential path lengths of the rays. The relatively low-level high-frequency components are present when reflections from objects behind the receiver take place.
Both the measured and simulated correlation coefficients between the signal envelopes [16] for all frequency spacings fluctuate significantly with the location of the receiver as can be seen, for instance, in Fig. 5 . In order to interpret these results, the cumulative distribution functions of the correlation coefficients have been calculated for all frequency separations and are shown in Fig. 6 . From this figure, it is evident that the range over which the correlation coefficient varies becomes wider as the frequency spacing increases. It also shows, as expected, that the correlation values decrease with increasing frequency separation.
The frequency correlation function is generated from these distributions by computing the level below which the correlation stays for 90% of the time. Then these values are plotted against the frequency separation as shown in Fig. 7 (measured and predicted using ray tracing). These results are in line with the theoretical analysis reported in [16] where the frequency correlation function exhibits an initial steep reduction, which levels off for large frequency separations.
The predicted frequency correlation functions show that increasing the order of reflection reduces the correlation values. This reduction is not as significant when reflections above the second order are taken into account. It may be argued that the reason why the measured values of correlation are lower than those computed by considering single reflections only is that reflections coming from ahead of the receiver, not present in the ray tracing, are significant in decorrelating the measured signal envelopes. This may be the case, but is not the only reason, as predictions using higher order reflections result, for some frequency spacings, in correlation values lower than the measured ones. The 0.5, 0.7, and 0.9 coherence bandwidths obtained from those functions are given in Table I (measured-method A and predicted). A frequency spacing equal to or larger than 65.5 MHz, for instance, will ensure a correlation level below 0.5 for 90% of the time.
The variation of the correlation coefficient with the position of the mobile receiver described above causes the coherence bandwidth to vary with distance as well, as can be seen, for example, in Fig. 8 . The coherence bandwidth at each position is obtained by computing, from the frequency correlation function at that position, the frequency spacing at which the correlation drops to a certain level [12] . At small distances, propagation is mainly by the direct ray and a single reflection from the wall nearer to the transmitter. This causes the coherence bandwidth to vary in a particular fashion. The coherence bandwidths for 90% of receiver locations, obtained from this second method, are given in Table I (method B) .
For identical correlation values, the coherence bandwidths calculated using method A are larger than or equal to those obtained from method B, as is evident in Table I . The reason behind this is that in method A all correlation values measured at all receiver positions are used to estimate the coherence bandwidth, while estimates obtained from the method B only consider the smallest frequency spacing at which the correlation drops to a certain level. Therefore, method B may lead to inaccurate results.
V. CONCLUSIONS
The frequency correlation functions and the coherence bandwidth have been measured and analyzed for a 62-GHz microcell mobile radio channel. A ray-tracing tool has been used to assist in interpreting experimental results.
It has been shown that the correlation coefficient between signal envelopes separated in frequency fluctuates significantly with the position of the mobile receiver relative to the base station. Therefore, the signal envelopes should be measured at a large number of points in the microcell and the results should be processed by small sections of , otherwise, the variation of the correlation level will be averaged and the coherence bandwidth could be inaccurately estimated.
The frequency correlation functions, as expected, have shown that the correlation coefficient decreases with increasing frequency separation. It has been established that frequency separations greater than 65.5, 29.7, and 9.6 MHz will ensure correlation levels below 0.5, 0.7, and 0.9, respectively, for 90% of time. The 0.5 coherence bandwidth is smaller than that reported by Thomas et al. [3] , where the correlation was obtained by averaging the results over a window of . Another reason for the discrepancy is the different receive antenna pattern employed.
It has been shown that the coherence bandwidth is highly variable with the location of the receiver. The values of the coherence bandwidth are found to be below 32.4, 21.8, and 9.4 MHz for 90% of receiver locations when 0.5, 0.7, and 0.9 correlation levels are considered. The difference between these values and the previous ones is because the amount of information used in the calculations is not the same.
Predicted results obtained from the ray-tracing tool demonstrated similar behavior to the measurements with some differences in the frequency correlation functions. One reason for these differences is the absence of reflections coming from ahead of the receiver.
